Using data of temperature, wind, precipitation, water discharge, and sediment load, the changes in runoff and sediment load of the Xiliugou basin in the upper Yellow River were investigated and the contributions of climate change and human activities to these changes were quantitatively estimated. Results show that the runoff and sediment load of the stream declined gradually in 1960-2012. According to the abrupt change point detected, the runoff and sediment series were divided into two periods: 1960-1998 and 1999-2012. The reductions of runoff and sediment load in 1999-2012 were found to be related to climate change and human activities, and the latter played a dominant role with a contribution of about 68% and 75%, respectively. The effects of rainfall intensity should be considered to avoid overestimating or underestimating the contributions of rainfall changes to the variations of runoff and sediment load in the semiarid region. An inspection of changes in water discharge and sediment regime indicated that the frequency of discharge between 0 and 5 m 3 /s increased while that between 5 and 1000 m 3 /s decreased in 2006-2012. This phenomenon can be attributed principally to the soil and water conservation practices.
Introduction
Warming of the climate system is unequivocal. According to the IPCC [1] , the average global surface temperature increased by 0.85 ∘ C over the period 1880-2012. With global warming and temperature increasing, the rainfall will be affected, hence river flows [2] . Water discharge and sediment flux, which are the two most important elements of the hydrologic cycle, not only reflect the characteristics of river systems themselves but also reflect the changing of the catchment environment [3, 4] . Therefore, the impacts of climate change on the streamflow [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and sediment [3, 4, [9] [10] [11] [12] [13] [14] [15] have been well studied in the literature.
Aside from climate change, recently, human activities (such as land use/land cover change [16] [17] [18] [19] [20] [21] [22] [23] [24] , dam construction and operation of large reservoirs [10, 12, 25, 26] , and soil and water conservations [4, 12, 27] ) have played a crucial role in the changes of water discharge and sediment flux. The study by Walling [28] analyzed the changes of sediment yield of the Black Sea over the past 20,000 years, revealing that climate change was more important than human impact in driving changes in sediment yield in the long time scale. The same study summarized the trends of runoff and sediment loads for the Yellow River in China, Chao Phraya River in Thailand, and the Kolyma River in Eastern Siberia and concluded that human activities were primary drivers causing changes in the sediment loads of the world's rivers in the short time scale. For the runoff variation, Miao et al. [29] suggested that climate change usually impacts it periodically and lastingly, whereas human activities impact it suddenly and directionally.
Climate change often interacts with anthropogenic impacts in causing runoff and sediment load changes, and defining their contributions is of significance for managing rivers. Some recent studies have come to quantify the relative effects of climate change and human activities on streamflow and sediment load. Naik and Jay [10] analyzed climate change and human influences (water withdrawal for irrigation, reservoir manipulation, mining, and deforestation) on the Columbia River's runoff and sediment load. They identified 2 Advances in Meteorology that human influences contributed 8-9% to the decrease of runoff, and climate change contributed 7-8%. Ahn and Merwade [30] quantified the role of climate change and human impacts on the streamflow of four states in USA, including Arizona, Georgia, Indiana, and New York, suggesting that the streamflow change of the four states caused by human activities accounted for 74%, 55.5%, 71.4%, and 85.7%, respectively. In China, Gao et al. [31] reported that 12.2% of the decrease in the sediment load of the middle Yellow River could be attributed to the changes in precipitation and the remaining 87.8% to human activities. For the decrease of sediment load of the Pearl River, 90% was caused by dam construction and 10% was due to climate change [26] . As a whole, the effects of human activities and climate change on runoff and sediment load vary from place to place and need to be investigated at a local scale based on watershed properties and regional environment characteristics.
As the second longest river in China, the Yellow River is noted for its relatively low water discharge as compared with its huge sediment load. Since the 1970s, the sediment discharge of the Yellow River has changed significantly, and many studies were devoted to the analysis of runoff and sediment changes in the river. The ten small tributaries, including Maobula, Buersetaigou, Heilaigou, Xiliugou, Hantaichuan, Haoqinghe, Hashenlachuan, Muhaerhe, Dongliugou, and Husitaihe, are a principal sediment source in the upper Yellow River and are adjacent to the middle Yellow River basin which is one of the regions with the most severe soil erosion in the world [32] . These tributaries originate from the Ordos Plateau, flow through the Hobq Desert, and finally enter the Yellow River [33] . The upstream of these tributaries is a loess hilly and gully region, the midstream is a desert area, and the downstream is an alluvial plain. The huge sediment output from the ten small tributaries has caused heavy sedimentation in the Inner-Mongolia reach [34] [35] [36] . So far, numerous studies have examined the characteristics of runoff and sediment load in this region [36] [37] [38] [39] , but the anthropogenic and climatic impacts on the changes of runoff and sediment load in the ten small tributaries have received less attention. Hence, we take one of the ten small tributaries, the Xiliugou basin, as a case to study the effects of climate change and human activities on the variations in the runoff and sediment load.
The objectives of this paper are as follows: (1) to analyze the variation tendency of runoff and sediment yield in the Xiliugou basin based on the hydrological records during 1960-2012 and (2) to quantify the relative effects of climate change and human activities on the streamflow and sediment load of the tributary. Better understanding of the response of the river to climate change and anthropogenic interferences might provide a theoretical basis for improving policy and plans of water and soil conservation in this sediment source area of the upper Yellow River and also give a reference for studying the same issues in other rivers. of the ten small tributaries ( Figure 1 ). It has a drainage area of 1180 km 2 and a fall from 1551 to 1029 m. The watershed belongs to semiarid climate zones. It has a long and cold winter and a short and torrid summer. From November to next April, it is windy. The mean annual temperature was 6.8 ∘ C and the average annual precipitation was 289.6 mm in the period from 1960 to 2012. The distribution of monthly precipitation, runoff, and sediment load was extremely uneven and was mainly concentrated in the flood season (from June to September). Precipitation in the flood season accounted for 79.8% of the total precipitation in a year, producing 55.7% of the yearly runoff, which carried 87% of the yearly sediment load.
Study Area and Data

Data
Collection. Data used in this paper include the annual runoff and sediment load , daily discharge and sediment concentration (1964-2012, excluding 1991-2005) in the flood season at Longtouguai hydrological station of the Xiliugou basin, and daily meteorological data at 17 rainfall stations and 10 weather stations from 1960 to 2012. The runoff and sediment data at Longtouguai hydrological station and precipitation data at 17 rainfall stations were collected from the Yellow River Conservancy Commission (YRCC). The meteorological data from 10 weather stations were provided by the National Climate Centre (NCC) of China Meteorological Administration (CMA). Using the IDW method in the tools of ArcGIS, the mean daily rainfall and temperature Advances in Meteorology 3 of the Xiliugou basin were extracted from the daily records at rainfall and weather stations. The Dongsheng weather station, which is nearest to the Xiliugou basin, was selected to obtain the wind speeds and sand-dust storms data. The sand-dust storms data supplied by the NCC of CMA cover the period from 1960 to 2007. In addition, the vegetation coverage of the Xiliugou basin was calculated from 8 km AVHRR and 250 m MODIS (2000-2010) NDVI products, which were downloaded from the website of Geospatial Data Cloud (http://www.gscloud.cn/).
Methods
Trend Analysis.
The Mann-Kendall (MK) test [40, 41] is one of the popular nonparametric methods for analyzing trends in hydrologic variables [30, 42] . For a given time series
( 1 , 2 , . . . , ), the statistic is defined as
where
is the sample size. Once is greater than 8, values will follow an approximate normal distribution [30, 43] . Its variance is calculated as
Then, the Mann-Kendall is given by
A positive value of indicates an increasing trend, and vice versa. The null hypothesis of no trend is rejected if | | > 1.96 at the 5% significance level. 
Breakpoint Detection
The breakpoint is defined to be where | , | reaches its maximum value:
The significance level associated with is determined approximately by
If < 0.05, a significant change point exists.
Sequential Cluster.
The sequential cluster method can be used to estimate the optimal dividing point of hydrological series [46, 47] . For a given time series ( 1 , 2 , . . . , ), divided into two samples 1 , 2 , . . . , and +1 , +2 , . . . , , the sum of the squared deviation before and after is defined as follows:
is the average of the hydrological sequence before and − is the average of the hydrological sequence after . Then, ( ) is given by
when ( ) reaches its minimum value, is the optimal breakpoint. The rank-sum test is usually used to determine the significance of the abrupt change point [48, 49] . For a given abrupt point , the statistic of is calculated as
where 1 is the subsample size with fewer samples and 2 is the subsample size with more samples. is the sum of the rank in subsample with fewer samples.
If | | ⩾ 1.96, the abrupt change point is significant. 
Separating the Impacts of Climate Change and Human
Activities on Streamflow and Sediment Load. By the abrupt changes identified, the runoff and sediment load series are divided into two periods. The first period is regarded as the natural period or reference period and the second period is regarded as the measure period or impact period. Following previous studies [50] , we separated the effects of human activities and climate change on runoff and sediment load in the second period by comparing with runoff and sediment load in the reference period. The separation approach can be described by the following equations:
where is the total runoff or sediment load variation and and are the average observed runoff or sediment load in the impact period and natural period, respectively. is the runoff or sediment load variation caused by climate impact, is the simulated virgin runoff or sediment load from the basin with the same land cover as that in the reference period by the rainfall in the impact period, is the runoff or sediment load variation caused by human activities, and and measure the relative impacts of human activities and climate change on runoff or sediment load, respectively.
The double mass curves between annual precipitation and runoff/sediment load can reflect the impacts of human activities [15, 31] . Here, we use the regression equations established from the double mass curves of precipitation versus runoff and precipitation versus sediment load in the natural period to calculate the annual runoff and sediment load in the impact period ( ). Figure 2 shows trends of runoff, sediment load, and meteorological indices, estimated by the MK test. Overall, the runoff, sediment discharge, and annual days of strong wind (daily wind speed ≥5 m/s) and sand-dust storms decreased significantly at the 99% confidence level with the value at −2.65, −2.57, −7.93, and −6.67, respectively, while the mean annual temperature increased significantly at the 99% confidence level with a value of 5.1. For the precipitation series, no significant trend was detected.
Results
Changes in Precipitation
For investigating the decadal changes of the six variables, the mean of each variable in each decade was calculated ( Table 1 ). The results indicate that the runoff, sediment discharge, precipitation, temperature, and annual days of strong wind and sand-dust storms of the Xiliugou basin changed obviously during the period 1960-2012, especially for sediment discharge which fluctuated in the range of 0.01-4749 t/a with an average of 428 t/a and a coefficient of variance ( V ) as high as 1.9. Moreover, regarding the sediment discharge during 1960-1969 as the reference value, except the 1980s, the sediment discharge during the 1970s, 1990s, and 2000-2012 decreased by 28.7%, 33.4%, and 83.5%, respectively. For the annual runoff, a considerable reduction up to 47.7% occurred in the period 2000-2012. The annual days of strong wind and sand-dust storms decreased continuously during the last four decades (from the year 1970 to 2012). The maximum change of the annual days of strong wind and sand-dust storms occurred in the period 2000-2012, in which the annual days of strong wind and sand-dust storms decreased by 83.1% and 97.9%, respectively. By contrast, the mean annual temperature increased gradually during the last three decades, especially in the 1990s and 2000-2012. The decadal means of annual precipitation ranged from 248.6 to 351.4 mm with no noticeable trend.
Abrupt Change Analysis.
The abrupt changes in runoff and sediment load recorded at Longtouguai hydrological station during 1960-2012 were examined using Pettitt test. in 1998 in both the runoff and sediment load series. The abrupt change in the sediment load series is statistically significant with a value of 0.007, but that in the runoff series has a value of 0.052. In this case, the sequential cluster method was adopted to further detect the abrupt change points in the runoff series. Figure 4 shows the changes in ( ) during the period 1960-2012. Again, the point in 1998 is the lowest. By applying the rank-sum test to the abrupt change point in 1998, it is proved that the abrupt change point is statistically significant with a value of −3.12. According to these breakpoints, the study period for runoff and sediment load and all influencing variables in the Xiliugou catchment was divided into the natural period (1960-1998) and the impact period (1999-2012).
Separating Climatic and Anthropogenic Impacts on
Annual Water Discharge and Sediment Load. The Xiliugou basin belongs to the region where wind-water two-phase coupling processes prevail. Therefore, hydroclimatic variables including precipitation, temperature, and annual days of strong wind and sand-dust storms were considered to analyze the effects of climate change on runoff and sediment load variations. The correlation coefficients between runoff, sediment load, and meteorological indices were calculated by SPSS19 software ( Table 2 ). The statistics demonstrate that precipitation is the key factor affecting runoff and sediment load.
To define a better relationship between precipitation and runoff and that between precipitation and sediment discharge, we investigated the performance of six categories of annual precipitation, which are the sums of different daily rainfall (≥0 mm, ≥5 mm, ≥10 mm, ≥15 mm, ≥20 mm, and ≥30 mm). Table 3 shows the statistics of the runoff, sediment load, and six categories of annual precipitation by SPSS19. The correlation coefficients between runoff and the six categories of annual precipitation are 0.60, 0.64, 0.69, 0.74, 0.77, and 0.75, respectively, and the correlation coefficients between sediment load and the six categories of annual precipitation are 0.39, 0.43, 0.48, 0.51, 0.53, and 0.54, respectively. All the correlation coefficients are significant at the 0.01 level. The runoff is best correlated with the fifth category, which is the annual sum of daily rainfall ≥20 mm, and the sediment load is best correlated with the sixth category, which is the annual sum of daily rainfall ≥30 mm. Considering that the correlation coefficients between the annual sediment load and the fifth category and between the annual sediment load and the sixth category are nearly the same, the annual rainfall series with daily rainfall ≥20 mm was selected to analyze the effects of climate change on both the runoff and sediment load.
Using the annual precipitation of daily rainfall ≥20 mm, double mass curves of rainfall versus runoff and rainfall versus sediment load for the reference period of 1960-1998 were plotted in Figure 5 . Linear regression relations of the double mass curves were also shown in Figure 5 
where Σ is the cumulative runoff discharge, Σ is the cumulative precipitation, and Σ is the cumulative sediment discharge. Based on (14) , the annual virgin streamflow and sediment discharge under the rainfall in the period 1999-2012 were calculated. Then, the effects of climate change and human activities on runoff and sediment load in the impact period 1999-2012 were separated using (13) . The results are shown in Tables 4 and 5 . Comparing with the natural period (1960-1998), the mean annual runoff and sediment load in the impact period decreased by 44.1% and 80.9%, respectively. Clearly, the rate of sediment load reduction is much greater than that of runoff reduction. For the runoff reduction, human activities made a contribution of 68% and the remaining 32% was associated with climate change. In contrast, the anthropogenic impacts contributed 75% to the sediment load reduction, and the climate change was responsible for the remaining 25%. Thus, human activities had been the dominant influence factor for both the runoff and sediment load reductions in the Xiliugou basin. Table 2 , both the runoff and sediment load are more closely related with precipitation in the Xiliugou basin. Thus, when there was Table 6 : Differences of precipitation, runoff, and sediment load of the Xiliugou basin between natural period and impact period.
Discussion
Impacts of Climate Change. As disclosed in
Annual runoff
Annual sediment load
Daily rainfall ≥0
Daily rainfall ≥5
Daily rainfall ≥10
Daily rainfall ≥15
Daily rainfall ≥20 a reduction in rainfall in the period from 1999 to 2012, it was expected that a fall occurred in runoff and sediment load. The runoff and sediment load of the basin decreased by 44.1% and 80.9%, respectively (Table 6 ). To the total reductions of runoff and sediment load, as mentioned above, the contributions of climate change were estimated to be 32% and 25%, respectively. This means that the rainfall decrease in the years from 1999 to 2012 induced a reduction of 14.1% in runoff and a reduction of 20.2% in sediment load in the basin. Nevertheless, it is not the changes of all sizes of rainfall strength that are responsible for the reduction of runoff or sediment load. Table 3 shows that the annual runoff and sediment load are more closely related with the annual precipitation of the higher daily rainfall. In other words, the runoff and sediment load in the Xiliugou basin are sensitive to rainfall intensity. Hence, it is the reduction of storm and heavy storm rainfalls that induces the reduction of the runoff and sediment load. The annual precipitation of the daily rainfall ≥20 mm, used in this study for deriving the effect of climate change, decreases by 16.8% (Table 6 ). Thus, a decrease of effective rainfalls tends to cause a bit lower percentage (14.1%, as given above) of runoff reduction and a slightly higher portion (20.2%) of sediment load reduction in the Xiliugou basin. Many previous studies used the total annual rainfall to investigate the contributions of precipitation change to runoff and sediment variations [11, 15, 29, 31, [50] [51] [52] [53] . However, in arid and semiarid regions, the rainfall intensity is important for runoff generation and soil erosion [21] . As stated above, we choose the annual rainfall series with daily rainfall ≥20 mm to estimate the effects of precipitation change on runoff and sediment load based on the correlation coefficients between 8 Advances in Meteorology the six categories of annual precipitation and runoff/sediment load. Here, to illustrate the importance of selecting a proper category of annual rainfall, we made an investigation about the effects of adopting annual rainfall with different intensities on the estimated contributions of rainfall changes to runoff and sediment variations. As shown in Table 7 , the effects of precipitation change on the deviations of runoff and sediment load vary with different categories of annual precipitation. For runoff, except the sixth category, the contribution rate by rainfall changes increased gradually while that by human activities declined correspondingly.
Comparing the percentage of change of the rainfall in Table 6 with the contribution rates of different annual precipitation categories in Table 7 , we can find that the contribution rates by precipitation variation increase with the percentage of change of annual rainfall in different categories between natural period and the impact period. We think that the lower contribution rates derived from the first four annual precipitation categories underestimate the effects of climate change. The reasons are that the rainfall with a low intensity may not generate runoff in this semiarid basin. When the amount of rainfall with a low intensity does not change noticeably from the first to the second period as illustrated by the lower differences of the first four annual precipitation categories between the two periods, the lower difference of the total of both low and high rainfall between the two periods will dampen the true effects of changes in high runoff-generating rainfall on runoff variations. As to the exception in the case of the sixth category, it might be the result of excluding some rainfall which can generate runoff. For the sediment load, the contribution rates by rainfall changes also increase gradually with rainfall intensity. Again, the lower contribution rates derived from the first four annual precipitation categories underestimate the effects of climate change for the same reasons. Therefore, when we calculate the contributions of precipitation and human activities to the changes in runoff and sediment load, we should consider the influences of rainfall intensity to avoid overestimating or underestimating the contribution by rainfall variation.
Impacts of Human Activities.
In this paper, the anthropogenic contributions to runoff and sediment load reductions in one of the ten small tributaries were found to be 68% and 75%, respectively, during 1999-2012. These estimates are consistent with those given in previous studies for watersheds in the middle Yellow River, which is located on the south of the ten small tributaries. Since the late 1970s, the streamflow and sediment load in the Yellow River basin have decreased greatly owing to anthropogenic impacts such as building dams and soil-water conservations [4, 27, 31] . The study by Gao et al. [31] suggested that human activities were responsible for 72% and 87.8% of the runoff and sediment load decreases in the middle Yellow River basin. For the Wuding River, which is one of the large tributaries in the middle Yellow River, it was estimated that the human activities accounted for 70% of the runoff reduction [47] and 88.9% of the sediment decrease [51] . Liang et al. [52] addressed that human activities contributed 60% to the streamflow decrease in the Kuye River basin in the north part of the middle Yellow River. In another tributary of the middle Yellow River, the Huangfuchuan River basin, 70% of the runoff decline was related to human activities [53] . All these studies indicated that human activities had become the dominant influence factor for the reductions of runoff and sediment load in the middle Yellow River in recent decades and this study finds the same phenomenon in the upper reaches of the Yellow River. Soil and water conservation measures were implemented in the Yellow River basin as early as the 1950s and intensified in the late 1970s [27] . In contrast, the soil and water conservation measures were applied to the Xiliugou basin in a later period [54] . By the end of 2007, 26,020 ha of forests and 976 ha of grass had been planted, 2,100 ha of enclosure had been built, and the number of check dams reached 47 [55] . The total conservation area accounted for approximately 37.80% of the total basin area. Based on the AVHRR-NDVI and MODIS-NDVI data, the vegetation coverage in the Xiliugou watershed in the period from 1981 to 2010 was calculated by using the dimidiate pixel model [56] . Clearly, the vegetation coverage in the Xiliugou basin increased significantly from 1981 to 2010 ( Figure 6 ). The mean vegetation coverage in the period of 1999-2010 reached 44%, increased by 10% compared with the period of 1981-1998. As shown in Figure 2 and Table 6 , there was not a significant increasing trend in precipitation in the Xiliugou basin but a noticeable reduction in the years of 1999-2012. Considering that water availability is the control element for vegetation growth in this semiarid region, the rise of vegetation coverage in the basin could be attributed principally to the implementation of conservation measures including afforestation, grass-planting, and enclosure. Thus, it is soil and water conservation measures that have played an important role in the reduction of the runoff and sediment yield in the Xiliugou basin.
Changes of Water-Sediment Relation and Flow Frequency Distribution and Some Implications.
A reduction of runoff in the impact period in the Xiliugou basin has been revealed above. Nevertheless, this is not applicable to the full water discharge spectrum. Figure 7 shows the frequency distribution of different categories of water discharge in both the reference and impact periods. It is demonstrated that, during the impact period, the frequency of discharge between 0 and 5 m 3 /s increased and that between 5 and 1000 m 3 /s decreased. For the water discharge larger than 1000 m 3 /s, the frequency changed little. This discrepancy in the changes of flows in different size intervals can also be attributed to the implementation of soil and water conservation measures. As mentioned above, the vegetation coverage in Xiliugou basin increased significantly from 1981 to 2010 owing to the soil and water conservation practices ( Figure 6 ). By intercepting precipitation, enhancing evaporation, and increasing infiltration, vegetation can reduce the total runoff but may elevate the runoff of low flows. This should be the main reason for the increase of water discharge in the range of 0-5 m 3 /s and the decrease of flows within 5-1000 m 3 /s.
Clearly, in the Xiliugou basin, it is reasonable to reach the fact that the reduction of sediment load mainly results from the decrease of moderate flows, which are the events, as stated by Wolman and Miller [57] , that tend to carry the largest portion of sediment in most rivers. Consequently, with the reduction of moderate flows and the increase of low flows, a higher portion of sediment load than that for runoff was reduced during the impact period.
Besides the discrepancy of runoff changes for different flows, the higher percentage of sediment load reduction than runoff (indicated by 80.9% versus 44.1%) in the impact period must be also partly associated with the changes in the relation between water discharge and sediment concentration (the water-sediment relation). The scatter plot between daily discharge and sediment concentration in the flood season is shown in Figure 8 . It can be seen that the sediment concentration in the impact period was much lower than that in the natural period at the same water discharge in the range 300-1100 m 3 /s. This means that the reduced flows in the impact period carried a much lower sediment load. The reduction in sediment concentration for the same water discharge should be the result of reduced sediment yield on the slopes under the same climate, which have been applied with soil and water conservation measures. Therefore, the implementation of soil and water conservation measures in the basin has been the principal cause for a higher portion of sediment load reduction and a higher contribution of human activities to the reduction than those for the runoff in the Xiliugou basin in the period of 1999-2012.
Conclusions
In this study, we analyzed the patterns of change in the runoff and sediment load in the Xiliugou basin from 1960 to 2012 and separated the effects of climate change and human activities on the reductions of runoff and sediment load in 1999-2012. Our conclusions are as follows. (2) Human activities were the major drivers of the runoff and sediment load variations in the Xiliugou basin recently. They induced 68% and 75%, respectively, of the reductions of runoff and sediment load during 1999-2012, while climate change was responsible for the remaining reductions.
(3) Different contribution rates of rainfall changes to the deviations of runoff and sediment load could be produced by using different categories of annual precipitation, so we should pay attention to the effects of rainfall intensity to avoid overestimating or underestimating the contributions of rainfall changes to the variations of runoff and sediment load.
(4) A further inspection on the changes in flow frequency distribution and the water-sediment relation indicated that the implementation of soil and water conservation measures should be the main reason for the phenomenon that the frequency of flows between 0 and 5 m 3 /s increased and that between 5 and 1000 m 3 /s decreased during the impact period and also for the sediment load reduction and the contribution of human activities to the reduction being much higher than those for the runoff.
